Large-scale wind turbines have become the trend of the wind power industry. However, the main factors restricting the large scale wind turbines are frequent replacement of carbon brush and slip ring and the harmonic of the stator current in double-fed induction generator, plus converters' large volume, high cost, and high failure rate in full power converter of wind turbine. Therefore, new double rotor speed-regulating wind power generation system comprising a double rotor speed-regulating device connected to the gearbox and the synchronous generator is proposed for the sake of lower cost, higher reliability, and stronger adaptability of the power grid. The structure of the system and the connection of each component are described; meanwhile, the working principle of the system under different operating conditions is analyzed. Furthermore, the mathematical model of the system is established, besides the control strategy being proposed. The simulation results verify the correctness of the mathematical model and the control strategy.
Introduction
Wind power has become an important object of R&D around the world as an effective measure to solve the current energy crisis and environmental contamination. Nevertheless, double-fed induction generator (DFIG) and permanent magnetic synchronous generator (PMSG) have the disadvantages of poor grid-connected capacity when the wind turbines become large scale.
Internet of things relies on the development of technology referred to as ABC: A is artificial intelligence, B is big data, and C refers to cloud computing. For the wind power market, it is necessary to rely on ABC technology, combined with the characteristics of the wind power industry, in order to be in the dominant position in the market competition. First of all, in the artificial intelligence, the amount of data and the complexity of the algorithm will be greatly improved. The simulation data will also be included in the sequence of calculation and training, which makes the speed of intelligence faster, and the intelligence of the equipment on this basis will be more and more high. Meanwhile, big data will no longer be a single list of concepts, but will become the core of the infrastructure, and the automatic data generated by the device (including human self ) will be far more than the data generated by human social behavior, cloud to end, end to end, cloud to cloud, and big data will be ubiquitous in the way of network. Furthermore, with the increase of mass data and the increasing demand of machine learning for real time, and the high coupling of business logic, the way of public cloud will no longer fit the Internet of things. The mode of mini data center will replace the public cloud. The data decision processing will be closer to the data source, and the edge computing will become the mainstream. Therefore, the real-time nature of the Internet of things will make the operation of the wind power more intelligent and will have a far-reaching impact on the change of the wind power service industry.
As far as the DFIG is concerned, the use of the high variable ratio gearbox increases the failure rate of the wind turbine generator system to reduce the reliability [1] . Meanwhile, the carbon brushes and slip rings are available in the generator rotor [2] . In general, the carbon brush is replaced every 6 months and the slip ring is replaced every 2 years, resulting in the high maintenance frequency and high cost [3] . Moreover, the generator stator is directly connected with the power grid, plus the rotor current is in constant change, so the stator output current is more harmonic and difficult to control [4] . The inflow of the harmonic current to the power grid will cause the following negative effects [5] . Firstly, the harmonics increase the loss of transmission lines and transformers, accelerate the insulation aging of the equipment, shorten the service life, and even lead to equipment scrapping [6] . Secondly, the harmonic causes the protection device malfunction, which leads to the inaccuracy of the electrical measurement instrument [7] . Thirdly, the harmonic leads to the local parallel or series resonance of the power grid to further amplify the harmonics, and then results in the instability of the power grid [8] .
Compared with DFIG, PMSG has no carbon brush and slip ring, so the maintenance performance is better than DFIG [9] . Specifically, the harmonic frequency of the stator output current is stable and easy to control [10] . Besides, the generator and the power grid are isolated by the full power converter, so there is no current impact and the power grid adaptability is stronger [11] . However, due to the use of the full power converter, the converter has large capacity, large volume, and high loss, which brings about high cost of manufacturing and operation [12] . In addition, the converter has been the higher failure rate component of the PMSG, which reduces the reliability and increases the maintenance cost of the PMSG [13] .
Therefore, the new concept of speed-regulating wind turbine is presented. That is to say, variable wind speed is regulated to a constant speed by the speed-regulating device between the wind turbine and the generator, so synchronous is driven to output constant frequency electric power.
A new type of variable speed constant frequency wind turbine which combines the hydraulic coupling speedregulating device called Windrive with the conventional synchronous generator has been proposed by Dewind [14] . The working principle is shown in Fig. 1 .
Windrive is a speed controller composed of planetary gear and torque converter, which is responsible for connecting the high-speed shaft of the gearbox and the constant speed synchronous generator shaft to ensure the variable speed constant frequency operation of the wind turbine and capture the maximum wind energy [15] .
But the Windrive also has existing weaknesses. Firstly, the hydraulic torque converter absorbs the energy from the power grid to regulate the speed in lower wind speed period of time, which reduces the generating efficiency [16] . Secondly, the hydraulic torque converter is generally required for the operating environment, so its applicability in the harsh natural environment of the wind farm remains to be verified [17] . Thirdly, variable speed constant frequency operating range of wind turbine with hydraulic torque converter is restricted [18] . Fourthly, the manufacturing cost of the torque converter is high, which leads to the failure of mass production.
Therefore, a new type of variable speed constant frequency wind turbine based on the electromagnetic coupler has been proposed by Tsinghua University. The hydraulic coupling device has been replaced by frequency control electromagnetic coupler, so that the high-speed output shaft of the gear box is connected with the generator shaft in a noncontact way. The structure is shown in Fig. 2 .
The advantages of the wind turbine with electromagnetic coupler are as follows: firstly, the wind turbine can carry out stepless speed regulation due to non-contact flexible drive device like electromagnetic coupler [19] . Secondly, the speed-regulating range of the wind turbine is wider, and the utilization rate of wind energy is higher in lower wind speed period of time [20] . Thirdly, the response speed of the wind turbine is fast and the adjustment is stable due to the transfer torque of the electromagnetic coupler controlled by converter [21] .
However, the volume and weight of the wind turbine are equivalent to about two times that of the same capacity wind turbine by using electromagnetic coupler replaced hydraulic torque converter, which increases the difficulty of transportation and lifting. Furthermore, only can the electromagnetic coupler achieve speed regulation through adjusting the torque and speed of the wind turbine, so the generating efficiency of wind turbine needs to be improved. In addition, the high cost of electromagnetic coupler is also a crucial factor which restricts mass production of the electromagnetic coupling speed-regulating wind turbine. Based on the analysis of the characteristics of two kinds of speed-regulating wind turbines mentioned above, a new type of driving chain of speed-regulating wind turbine is proposed in this paper, which achieves speed regulating and generating simultaneously in a certain period of time to reduce the capacity of generator and converter. Moreover, the range of variable speed constant frequency of the wind turbine is wider, and the generating efficiency and reliability are improved on the basis of stronger grid adaptability.
Structure of the double rotor speed-regulating wind power generation system
The structure of the double rotor speed-regulating wind power generation system is shown in Fig. 3 . It is mainly composed of the wind wheel, gearbox, double rotor speed-regulating generator, electric excitation synchronous generator, converter, rectifier, transformer, and switch. The double rotor speed-regulating generator comprises a permanent magnet outer rotor and a wound inner rotor. The permanent magnet outer rotor is mechanically connected to the gear box, besides the wound inner rotor is coaxially connected with the rotor of electric excitation synchronous generator as well as is electrically connected with the converter.
3 Working principle and operation state of double rotor speed-regulating wind power generation system
Working principle
The rotational speed of the double rotor speed-regulating generator can be obtained as shown in formula (1) since the rotating magnetic field formed by inner and outer rotor of the speed-regulating generator must remain relatively static to achieve stable mechanical and electrical energy conversion according to the electromechanical principle.
where n out is the rotational speed of the outer rotor under external forces, n in is the mechanical speed of the inner rotor, and n f is the rotational speed of the rotating magnetic field generated by the current from the wound inner rotor. The power of the double rotor speed-regulating generator can be obtained as shown in formula (2) according to the energy conservation law. 
where P m is the input mechanical power of the speedregulating generator, P f is the electrical power of the speed-regulating generator, and P L is the output mechanical power of the speed-regulating generator. The torque transmission of the speed-regulating generator as shown in formula (3) can be deduced by the formula (2) .
where ω out and ω in are the mechanical angular velocity of the outer and inner rotor of the speed-regulating generator respectively, ω f is the angular velocity of the rotating magnetic field formed by the current of the wound inner rotor, T e is the electromagnetic torque of the speed-regulating generator, and T m and T L are the input and output mechanical torque of the speed-regulating generator respectively. The electromagnetic torque expression of the speedregulating generator as shown in formula (4) can be derived from the formula (3) .
It is known by the formula (4) that the electromagnetic torque of the speed-regulating generator declines logarithmically with the increase of the inner and outer rotor speed.
Operating state
Five operating states of the double rotor speed-regulating wind power generation system are as follows:
State I Speed-regulating generator generates electricity State II Speed-regulating generator speed regulating State III Speed-regulating generator speed regulates and generates electricity simultaneously State IV Constant speed-operating state State V Constant power-operating state (rated operating state)
State I
The inner rotor of the speed-regulating generator coaxially connected with the rotor of the synchronous generator is equivalent to a stator because the synchronous generator is not connected with the power grid. That means the system is equivalent to the full-power converter wind turbine generator with permanent magnet outer rotor and wound inner stator.
The outer rotor speed n out of the speed-regulating generator increases from zero with the rise of wind speed v since the wind speed reaches cut in value v in , and the output power of the speed-regulating generator to the power grid is P f . The synchronous generator is connected with the power grid as soon as P f reaches the rated power P fN of the speed-regulating generator. From this moment on, the system will operate in the state II, and the wind speed of this moment is v 1 .
The power flow of the system in the state I is as shown in the solid line in Fig. 3 . The wind energy absorbed by the wind wheel is converted to electricity by the speed-regulating generator and then transferred to the power grid.
State II
The outer rotor speed n out continually increases with the rise of the wind speed since the wind speed exceeds v 1 . The inner rotor of the speed-regulating generator coaxially connected with the rotor of the synchronous generator starts to rotate as the synchronous generator is connected with the power grid, that is, the inner rotor speed n in increases from zero. The frequency f of the inner rotor winding current is regulated and controlled in order that the inner rotor speed n in rapidly reaches and stabilizes at the synchronous speed n 0 , that is n out < n in = n 0 . The speed-regulating generator is in the state of speed regulating as the converter absorbs active power from the power grid to the speed-regulating generator, that is to say, the output power of the speed-regulating generator is positive, P f > 0, besides the output power P f of the speed-regulating generator first increases and then decreases with the speed difference between the inner and outer rotor. The converter provides DC excitation for the speed-regulating generator as soon as the outer rotor speed n out increases to the synchronous speed n 0 with the rise of the wind speed, that is, n out = n in = n 0 , P f = 0. From this moment on, the system will operate in the state III, plus the wind speed of this moment is v 2 .
The power flow of the system in the state II is as shown in the dotted line in Fig. 3 . The wind energy absorbed by the wind wheel and speed regulated through the speed-regulating generator is transferred to the synchronous generator and then transported to the power grid. Simultaneously, the converter absorbs part of the power from the grid to provide to the speed-regulating generator.
State III
The outer rotor speed n out continues to increase with the wind speed rising since the wind speed exceeds v 2 . That is n out > n in = n 0 . The speed-regulating generator is in the state of speed regulating and generating electricity as it outputs active power to the power grid through the converter, that is to say, the output power of the speed-regulating generator is negative, P f < 0, besides the absolute value of the output power |P f | of the speed-regulating generator increases with the speed difference between the inner and outer rotor. The system will operate in the state IV as soon as the outer rotor speed increases to its rated speed with the wind speed rising, that is, n out = n outN , and the wind speed of this moment is v ωN .
State IV
The outer rotor speed n out has already reached the rated value n outN since the wind speed exceeds v ωN , whereas the output power P f of the speed-regulating generator has not reached the rated value P fN ; thus, the output power P f continues to increase as the wind speed rises while the outer rotor speed keeps stable. The system operates in the constant power operation state as soon as the output power of the speed-regulating generator is increased to the rated value P fN . From this moment on, the system will operate in the state V, and the wind speed of this moment is v N .
State V
The system operates in the rated operating state by adjusting the pitch angle to limit the wind energy captured by the wind wheel since the wind speed exceeds v N . That is to say, the outer rotor speed of the speed-regulating generator is the rated speed n outN , besides the output power of the speed-regulating generator is the rated power P fN . In addition, the output power of the synchronous generator is the rated power P SN .
The power flow of the system in the states III to V is as shown in the dash-dotted line in Fig. 3 . A part of the wind energy absorbed by the wind wheel and speed regulated through the speed-regulating generator is transferred to the synchronous generator and then transported to the power grid. Meanwhile, the other is converted to electricity through the converter and then transferred to the power grid. In this way, a double feeder of electricity is realized.
The synchronous generator provides the rated power P SN to the power grid as the rotor speed n r reaches the rated speed n 0 in the states II to V.
The trend of the speed and power of the double rotor speed-regulating wind power generation system under different wind speeds is as shown in Fig. 4. 4 Mathematical model and control strategy of the double rotor speed-regulating generator
Mathematical model
Referring to the mathematical model of the PMSG, taking the inner rotor of the double rotor speed-regulating generator as the reference coordinate, the mathematical model of the double rotor speed regulating generation, the dq coordinate system is established, such as the voltage and current equation is shown in (5) and (6), the torque equation is shown in (7), and the motion equation is shown in (8) and (9) . The dq coordinate system is rotated by the rotational speed difference between the inner and outer rotor, that is ω out − ω in .
where u d and u q are the dq axis components of the Fig. 4 Speed and power of the double rotor speed-regulating wind power generation system. In Fig. 4 , v is the wind speed, n out is the rotational speed of the outer rotor, n outN is the rated rotational speed of the outer rotor, n in is the mechanical speed of the inner rotor, n 0 is the synchronous speed, P f is the electrical power of the speed regulating generator, P fN is the rated electrical power of the speed regulating generator, P S is the output power of the synchronous generator, and P SN is the rated output power of the synchronous generator terminal voltage (phase voltage) of the inner rotor, respectively. i d and i q are the dq axis components of the inner rotor current, respectively. R is the inner rotor resistance. L d and L q are the dq axis components of the inner rotor inductance, respectively. ω out and ω in are the mechanical angular velocity of the outer and inner rotor, respectively. p is the pole pairs of the double rotor speed-regulating generator. ψ f is the flux of the outer rotor permanent magnet. T e is the electromagnetic torque of the double rotor speed-regulating generator. T m and T L are the input and output torque of the double rotor speed-regulating generator, respectively. J in and J out are the moment of inertia of the inner and outer rotor, respectively.
The control strategy of the outer rotor
According to the different wind speed, the control strategy of the outer rotor of the double rotor speed-regulating generator is as follows. The maximum power point tracking (MPPT) control strategy is adopted when the wind speed is lower than the rated wind speed. (State I to state IV) The outer rotor can get the optimal torque by controlling the active component of the inner rotor current to ensure that the double rotor speed-regulating wind power generation system operates in the state of maximum wind energy capture. The pitch control strategy is adopted when the wind speed exceeds the rated wind speed. (State V) The output power of the system can be limited in the vicinity of the rated power by adjusting the pitch angle since the mechanical strength and generator capacity are limited.
Maximum power point tracking (MPPT) control strategy
The vector control strategy of i d = 0 is adopted in this paper. When i d = 0, the torque equation of the double rotor speed-regulating generator is shown in formula (10) according to the formula (7) .
The formula (10) shows that the torque of the double rotor speed-regulating generator is only related to the q axis current. Therefore, controlling the q axis current can control the torque of the double rotor speed-regulating generator and then control the outer rotor to track the maximum power point.
The outer rotor maximum power point tracking control structure diagram is shown in Fig. 5 . The double closed loop control strategy with speed outer loop and current inner loop is adopted (ω f = ω out − ω in ).
The speed deviation is obtained by comparing the reference speed signal ω Ã f with the feedback speed signal ω f , and then input the speed deviation to the speed controller to get the reference torque current signal i 
Pitch control strategy
The power captured by the wind turbine is maintained at a constant value by the variable pitch control mechanism in order to avoid the damage to the wind turbine in the process of the system transmitting the rated power to the grid when the wind speed exceeds the rated wind speed but is lower than the cut-out wind speed. The blade will be gradually rotated to the tailwind direction with the wind speed increasing. The pitch control structure diagram is shown in Fig. 6 .
In Fig. 6 , ω outN is the outer rotor rated angular velocity of the double rotor speed-regulating generator. ω out is the outer rotor actual angular velocity of the double rotor speed-regulating generator. P N is the rated output power of the system. P is the actual output power of the system. max is the larger value in P N and P. The regulation of β is divided into two ways. One is to control the difference between the outer rotor rated speed and its actual speed of the double rotor speed-regulating generator with PI controller. The other is to control the difference between the larger value in actual power and rated power and the rated power of the double rotor speed-regulating generator with proportional controller. The outer rotor speed and the output power of the double rotor speed-regulating wind power generation system are maintained at the rated value by increasing the pitch angle to reduce the wind turbine airfoils C p when the outer rotor actual speed exceeds the rated speed or the system actual output power exceeds the rated output power.
Experimental
The simulation is carried out in MATLAB/Simulink based on the mathematical model of the double rotor speed-regulating generator and the outer rotor control strategy. The simulation parameters are as follows: the rated wind speed is 12 m/s, the impeller radius is 40 m, the pitch angle is zero, the rated speed of the wind turbine is 23 r/min, the rated power of the double rotor speed regulating generator is 500 kW, and the rated voltage is 690 V. The double rotor speed-regulating wind power generation system will operate in the state II when the wind speed reaches 7 m/s by calculating, so the trend of wind speed is set as shown in Fig. 7 .
The trend of outer rotor speed of the double rotor speed-regulating generator with the wind speed change is shown in Fig. 8 .
The power of the double rotor speed-regulating generator is shown in Fig. 9 .
Results and discussion
From Fig. 8 , we can see that the outer rotor speed can track the change of the wind speed quickly and accurately to achieve the maximum wind energy tracking under the maximum power point tracking control. Therefore, the correctness of the control strategy is verified.
In combination with Figs. 8 and 9, it is known that before 3.75 s, ω out < ω in (157 rad/s), P f > 0, so the double rotor speed-regulating generator is in powerdriven state and absorbs active power from the power grid. During the period of 3.75~5 s, ω out > ω in (157 rad/s), P f < 0, so the double rotor speed-regulating generator is in generation state and sends out active power to the power grid. At the time of 8 s, the wind speed is abrupt, and the double rotor speed-regulating generator is switched from the generation (P f < 0) to power-driven (P f > 0) state. This paper only discusses the control strategy of the outer rotor of the double rotor speed-regulating generator under the rated wind speed, and the control strategy of the system for the whole wind speed range is still to be studied.
Conclusions
The double rotor speed-regulating wind power generation system has the ability of speed regulation and power generation at the same time in a certain period of time and reduces the capacity of the generator and converter as a new type of driving chain of speedregulating wind turbine. Moreover, the system can realize the capability of active power overload and reactive power support of the power grid since the synchronous generator is directly connected with the power grid at the end of the driving chain. Furthermore, the variable speed constant frequency operation of the system in the whole wind speed range is guaranteed by multimode operating state under different wind speeds so as to capture the maximum wind power. In addition, the damage of the synchronous generator caused by wind speed fluctuation is reduced as the double rotor speed-regulating generator connecting the gearbox and the synchronous generator, so the reliability of the system is improved. Therefore, the double rotor speed-regulating wind power generation system has a wide application prospect to alleviate the energy crisis and respond to the worsening natural environment. The research only discusses the PI control strategy of the outer rotor of the double rotor speed-regulating generator under the rated wind speed, and the control strategy of the system for the whole wind speed range is still to be studied. In addition, the transient process of different operating state needs to be studied. Besides, Fig. 8 Outer rotor speed of the double rotor speed-regulating generator. In Fig. 8 , X-axis is time (s) and Y-axis is outer rotor speed (rad/s) Fig. 9 Power of the double rotor speed-regulating generator. In Fig. 9 , X-axis is time (s) and Y-axis is electrical power of the double rotor speed regulating generator (kW) advanced control algorithms can also be applied to the double rotor speed-regulating wind power generation system to achieve desirable effect.
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